Introduction
Vanillyl-alcohol oxidase (VAO; EC 1.1.3.38) from Penicillium simplicissimum is a £avin containing oxidoreductase involved in the biodegradation of 4-(methoxymethyl)phenol [1, 2] . The enzyme is a homo-octamer of 509 kDa with each subunit comprising two domains [3, 4] . The cap domain covers the active site, whereas the larger domain creates a binding site for the ADP part of the FAD prosthetic group. The £avin is covalently linked to His422 of the cap domain [3] . The phenolic substrate is bound almost parallel to the £avin ring and its hydroxyl group is hydrogen bonded to three basic residues (Tyr108, Arg503 and Arg504) [3] .
VAO is active with a wide range of phenolic substrates, including 4-alkylphenols [5^7] (Scheme 1). The catalytic cycle of VAO consists of two half-reactions [8, 9] . In the reductive half-reaction, the £avin is reduced by the substrate with the concomitant formation of a p-quinone methide intermediate. In the oxidative half-reaction, the £avin is reoxidized and the protein-bound quinone methide either reacts with water to yield the (R)-enantiomer of the alcohol, or is rearranged to yield the alkene [5, 9] .
Short-chain 4-alkylphenols are mainly hydroxylated to (R)-1-(4P-hydroxyphenyl)alcohols and medium-chain 4-alkylphenols are dehydrogenated to 1-(4P-hydroxyphenyl)alkenes [6] . Unlike the related £avocytochrome p-cresol methylhydroxylase (PCMH) [10] , VAO is nearly inactive with p-cresol. Kinetic studies showed that this is due to the formation of an air-stable p-cresol-FAD-N5 adduct [9] . Crystallographic data have shown that the catalytic centers of PCMH and VAO are conserved except for the arrangement of the acidic residues [3, 11] . VAO contains a single aspartate (Asp170) near the methylene group of the substrate [3] , whereas PCMH contains two glutamates (Glu380 and Glu427) at opposite faces of bound substrate [11] . Recent studies have demonstrated that in VAO, Asp170 is crucial for keeping the high redox potential of the FAD cofactor. This high redox potential is important for e¤cient substrate oxidation and for stabilization of the complex between the reduced enzyme and the p-quinone methide intermediate of 4-(methoxymethyl)phenol [12] . Moreover, from site-directed mutagenesis it was established that the arrangement of acidic residues in the active site cavity tunes the stereospeci¢city of hydroxylation of 4-ethylphenol [13] . In this paper we have investigated the role of Asp170 in directing the reactivity of VAO with 4-alkylphenols. For this purpose, we selected Asp170Glu and Asp170Ser as both these mutants contain covalently-bound FAD and are active with 4-(methoxymethyl)phenol [12] . Moreover, crystallographic analysis has revealed that the Asp170Ser replacement does not induce signi¢cant conformational changes compared to wild type enzyme [3, 12] . Our studies clearly reveal that the replacement of Asp170 by Glu or Ser changes the e¤ciency of substrate hydroxylation of VAO in an opposite direction. (Boehringer Mannheim) were used for expression of the vaoA gene. All other chemicals and materials were as described previously [6, 12] . pBC14 (Asp170Glu) and pBC15 (Asp170Ser) were constructed from pBC11 (wild type VAO) as reported before [12] . Transformed E. coli cells were grown in Luria^Bertani medium supplemented with 75 Wg/ml ampicillin and 0.25 mM isopropyl L-D-thiogalactopyranoside [15] . The VAO mutant proteins were puri¢ed as described [12, 15] .
Materials and methods

Analytical methods
All experiments were performed in 50 mM potassium phosphate bu¡er, pH 7.5 at 25³C unless stated otherwise. High-performance liquid chromatography (HPLC) experiments were conducted with an Applied Biosystems pump equipped with a Waters 996 photodiode array detector and a 3.9U100 mm or 3.9U150 mm Waters Novapak C18 column, essentially as described earlier [6] . Gas chromatography/ mass spectroscopy analysis was performed on a Hewlett-Packard HP 6090 gas chromatograph equipped with a HP 5973 mass spectrometer and a HP-5 column [6] . Fluorescence emission spectra were recorded on an Aminco SPF-500C spectro£uorometer. The excitation wavelength was 360 nm [9] .
VAO activity was routinely assayed by following absorption spectral changes of aromatic substrates or by oxygen consumption experiments using a Clark electrode [6] . The formation of 4-hydroxybenzaldehyde was measured at 340 nm (O 340 = 10.0 mM 31 cm 31 ) and the formation of 4-vinylphenol was monitored at 255 nm (O 255 = 14.3 mM 31 cm 31 ). The turnover rates of extremely slow enzymatic reactions (rate lower than 0.003 s 31 ) were determined by HPLC. Enzymemonitored turnover experiments were performed as described before [9] using a Hewlett Packard HP 8453 diode-array spectrophotometer. Table 1 summarizes the steady state kinetic parameters of wild type VAO, Asp170Glu and Asp170Ser with several 4-alkylphenols. With all these substrates, the turnover rate of Asp170Glu was about one order of magnitude lower than that of wild type enzyme and the Michaelis constant was increased up to ¢ve-fold. The substitution of Asp170 by Ser had a more severe e¡ect on catalysis. All straight-chain 4-alkylphenols were extremely slowly converted, whereas branched-chain 4-alkylphenols were relatively good substrates for Asp170Ser. As found for wild type VAO, both mutant enzymes were nearly inactive with p-cresol [9] .
Results
Catalytic properties
When Asp170Ser was mixed aerobically with p-cresol, 4-ethylphenol or 4-propylphenol the £avin was nearly completely in the reduced state during turnover (95, 95 and 89%, respectively), suggesting that the reductive half-reaction does not limit the turnover rate [16] . Moreover, upon excitation at 360 nm, the aerobic complexes between Asp170Ser and shortchain 4-alkylphenols displayed a stable £uorescence emission with a maximum at 460 nm (Fig. 1) , indicative for the formation of a covalent £avin N5 adduct with the substrate [3, 9] . Similar £avin adducts have been reported for lactate oxidase [17, 18] and nitroalkane oxidase [19] . When Asp170Ser was incubated with 4-isopropylphenol or 4-sec-butylphenol, the £avin was mainly in the oxidized state during turnover (79 and 82%, respectively). In accordance with this, the £uo-rescence emission of 4-isopropylphenol-mixed Asp170Ser showed a maximum at 530 nm, indicative for oxidized £avin. A similar £avin £uorescence was observed when oxidized Asp170Ser was incubated with 4-vinylphenol or 1-(4P-hydroxyphenyl)ethanol. In contrast, uncomplexed Asp170Ser displayed almost no £avin £uorescence (Fig. 1) . This suggests that the £uorescence emission at 530 nm represents the complex between the oxidized enzyme and the aromatic product. The Asp170Glu mutant displayed a similar enzyme-monitored turnover behavior as wild type VAO. Thus, only upon mixing the enzyme with p-cresol was the £avin mainly in the reduced stated during turnover [9] .
Conversion of 4-alkylphenols
The replacement of Asp170 by Glu and Ser considerably changed the product pattern of the VAO catalyzed reactions with 4-alkylphenols ( Table 2) . Like wild type enzyme [5, 6] , Asp170Ser was highly speci¢c for the hydroxylation of Asp170Ser short-chain alkylphenols. Previous studies have shown that both wild type VAO and Asp170Ser are selective for the production of the (R)-enantiomer of 4-ethylphenol [13] . In contrast, the hydroxylation reaction in Asp170Glu was nearly completely blocked. As a result, this mutant converted short-chain alkylphenols to the corresponding alkenes. With medium-chain and branched-chain alkylphenols, the change in product pattern was even more pronounced. Unlike wild type enzyme [6] , Asp170Ser was highly speci¢c for the hydroxylation of these compounds. However, Asp170Glu resembled wild type enzyme and mainly produced aromatic alkenes.
Discussion
The active site cavity of VAO contains a single acidic residue, Asp170, whose side chain is close to £avin N5 and the reactive CK-atom of the substrate (Fig. 2) . Recent studies from site-directed mutants have shown that this residue is important for catalysis by raising the redox potential of the £avin and stabilizing the enzyme-bound p-quinone methide of 4-(methoxymethyl)phenol [12] . Furthermore, Asp170 appeared to be important for the stereospeci¢city of hydroxylation of 4-ethylphenol [13] . This raised the question as to whether the replacement of Asp170 will also in£uence the e¤ciency of substrate hydroxylation.
The Asp170Glu variant had a similar substrate preference as wild type VAO, but the catalytic e¤ciency (k cat /K m ) was considerably decreased. The low turnover rate is in line with the reduced redox potential of the mutant (E m = +11 mV) compared to wild type VAO (E m = +55 mV) [12] . In contrast to the wild type enzyme, Asp170Glu converted both shortchain and medium-chain 4-alkylphenols almost exclusively to the corresponding alkenes. The inability of Asp170Glu to hydroxylate these substrates suggests that the bulkiness of the side chain of Glu170 limits the accessibility of water to the planar quinone methide intermediate.
Asp170Ser had a drastically changed substrate preference compared to wild type VAO. This mutant was nearly inactive with straight-chain 4-alkylphenols due to the formation of airstable covalent £avin N5 adducts. With wild type VAO, such an adduct is only observed with p-cresol [9] . The crystal structure of isoeugenol-complexed Asp170Ser does not give a rationale for the easy formation of £avin adducts since there are no signi¢cant structural di¡erences compared to wild type VAO [3, 12] . We have proposed before that in wild type VAO, Asp170 might be involved in covalent adduct formation by abstracting a proton from £avin N5, thereby facilitating the nucleophilic attack of the p-quinone methide intermediate. However, the formation of £avin N5 adducts in Asp170Ser suggests that the £avin N5-atom can also be activated by a water molecule (Fig. 3) . Asp170Ser was rather active with branched-chain 4-alkylphenols. This indicates that with these substrates, adduct formation may well be prevented by steric constraints. In this respect it is interesting to note that the £avin redox potential of Asp170Ser is only 391 mV [12] .
The Asp170Ser variant was more speci¢c for the hydroxylation of 4-alkylphenols than wild type VAO. This supports an earlier observation that the hydration of the p-quinone methide intermediate can also occur in the absence of an active site base [12] . Furthermore, it suggests that the quinone methides of 4-alkylphenols react rapidly with unactivated water, which is in line with the reactivity of analogous quinone methides [21, 22] .
The di¡erences in the e¤ciency of substrate hydroxylation between wild type VAO, Asp170Ser and Asp170Glu show Fig. 2 . Drawing of the active site cavity of VAO in complex with isoeugenol. Asp170 is positioned at 3.5 A î from £avin N5 and the CK-atom of isoeugenol. This ¢gure was prepared with MOL-SCRIPT [20] . Fig. 3 . Schematic drawing of the proposed mechanism for covalent adduct formation in Asp170Ser.
that the bulkiness of the side chain of residue 170 determines the outcome of the VAO catalyzed reaction. The small side chain of Ser170 increases the accessibility of water to the pquinone methide intermediate in the active site and, therefore, the hydroxylation e¤ciency. This increased accessibility of water to the quinone methide in Asp170Ser might also explain the decreased stereospeci¢city of hydroxylation of 4-ethylphenol [13] . On the other hand, the large side chain of Glu170 clearly prevents the attack of water to the quinone methide. These results reinforce the idea that a single amino acid substitution can be su¤cient to change the enzyme selectivity [23, 24] . a Standard errors of relative product yields are less than 10%. b Data from [6] .
